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Gaz à effet de serre
Circulation océanique
Fluctuations de la banquise
Formations d’aérosols
Éruption volcanique
Position des zones de haute et de basse pression
au-dessus de l’Atlantique Nord et de l’Europe
Interaction atmosphère-surface de la Terre
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Mesure Gunn et al (1949)
Gunn et al (interpol.)
Kessler (1969)
Altlas et al (1977)
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R = 12.7 mm/h
R = 25.4 mm/h
R = 50.8 mm/h
R = 101.6 mm/h























R = 12.7 mm/h
R = 25.4 mm/h
R = 50.8 mm/h
R = 101.6 mm/h
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5 kHz 32 bits
Filtre antirecouvrement
2 kHz




5 kHz, 16 bits
Filtre passe-haut 250 Hz
Algorithme 
compte-goutte
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I ≈ 50 [mm/h] 
I ≈ 130 [mm/h] 





















I ≈ 50 [mm/h] 
I ≈ 130 [mm/h] (a) (b) 
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moyenne:0.0386      0.67mm  ;ecart−type:0.3      1.07mm


















moyenne:20.6      20.6°C;  ecart−type:2.64      2.57°C

















moyenne:196       198°;  ecart−type:115       114°















moyenne:1.14      1.16m/s;   ecart−type:0.718     0.711m/s















moyenne:76.4      76.5%;  ecart−type:12.8      12.4%
moyenne
pointe















moyenne:2.86      2.86m/s;  ecart−type:1.64      1.63m/s
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moyenne:94.5%;   ecart−type:1.49%
moyenne
pointe


















moyenne:2.58m/s;   ecart−type:0.547m/s
    J
  		 	  
  
     3
  7 
  #
  9 ; 





  		( J
 
  	     
 	
UI
* T 	4  C	 		 )	 	 	 V	   *	
	** * (		 * 		  ; 	 *(		  +*
; (	 * 	 * @      	 
	 		   I 		 %'% &$!!! 	 &$! FF9
FFT 	 F8: % *   3 *  * [ UI U9 	 UH %  
*< * 	 FII F:I 	 F:H %   	4 ' ( * 
 3  T 	  *	 	** 	  F9:
F9T 	 FF8% *   3    * [ U8 XG 	 UF% 
 * 	 ? F9X FIG 	 F:: %   	4 ! ]	 *( 		
3 ; (* 8 	   * 	   	) * I 
	   *	 	**   ) ;( 	 ;
; 	  * * (	+	 C	     *C
  ) 	  *	 
 ( *(3 F 	 T 4 * I
		4  ?+ I489 	  	 ) *	)	 * 















DSD   <5 min>
RFIIIP <5 min>
RFI    <5 min>
RFIIIP <1 min>
  ! 4	   -   	 

  @  @@@!  >>  
 	 	
 &' O ( 9    / 	
 @@@!   7  3
*(		 * 		 )	   I 4 		 ?+ 	
  	 V		 * (		 
 (	 *( 	 * T 	
;( 	 I 	 ]	 	  3 T 	 	  	
  * *( 	 12 : 00− 12 : 054  		   	 T
	 (		 < *  * 89 . +	  &$!!! 
 3 * : .  (	 *4
U:















RFI    <1 min>
DSD   <1 min>
Locarno<10 min>
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DSD   <5 min>
RFIIIP <5 min>
RFI    <5 min>
RFIIIP <1 min>
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RFI    <1 min>
DSD   <1 min>
Locarno <10 min>
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DSD   <5 min>
RFIIIP <5 min>
RFI    <5 min>
RFIIIP <1 min>
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RFI    <1 min>
DSD   <1 min>
Locarno <10 min>
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Spectre de pluie du 1999−08−20 à 12:45 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:50 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:55 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:00 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:05 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:10 intégrée sur 298.257 s.
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Spectre de pluie à 15:20
R:4.68mm/h,  Nt: 3015, >:0, <:0kcte:0













Spectre de pluie à 15:25
R:1.03mm/h,  Nt: 774, >:0, <:0kcte:0













Spectre de pluie à 15:30
R:12.1mm/h,  Nt: 5945, >:0, <:0kcte:0













Spectre de pluie à 15:35
R:1.16mm/h,  Nt: 943, >:0, <:0kcte:0













Spectre de pluie à 15:45
R:0.0174mm/h,  Nt: 19, >:0, <:0kcte:0













Spectre de pluie à 15:50
R:0.829mm/h,  Nt: 725, >:0, <:0kcte:0
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Spectre de pluie à 15:20
R:4.68mm/h,  Nt: 3015, >:0, <:0kcte:1













Spectre de pluie à 15:25
R:1.03mm/h,  Nt: 774, >:0, <:0kcte:1













Spectre de pluie à 15:30
R:12.1mm/h,  Nt: 5945, >:0, <:0kcte:1













Spectre de pluie à 15:35
R:1.16mm/h,  Nt: 943, >:0, <:0kcte:1













Spectre de pluie à 15:45
R:0.0174mm/h,  Nt: 19, >:0, <:0kcte:1













Spectre de pluie à 15:50
R:0.829mm/h,  Nt: 725, >:0, <:0kcte:1
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Spectre de pluie à 15:20
R:4.68mm/h,  Nt: 3015, >:0, <:0kcte:2













Spectre de pluie à 15:25
R:1.03mm/h,  Nt: 774, >:0, <:0kcte:2













Spectre de pluie à 15:30
R:12.1mm/h,  Nt: 5945, >:0, <:0kcte:2













Spectre de pluie à 15:35
R:1.16mm/h,  Nt: 943, >:0, <:0kcte:2













Spectre de pluie à 15:45
R:0.0174mm/h,  Nt: 19, >:0, <:0kcte:2













Spectre de pluie à 15:50
R:0.829mm/h,  Nt: 725, >:0, <:0kcte:2
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 Rapport gouttes comptabilisées (MP/mes): 100 [%]



























Rapport intensité (MP/mes): 101 [%]
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RFI    <1 min>
DSD   <1 min>
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Spectre de pluie à 12:55
R:7.37mm/h,  Nt: 2276, >:8, <:0kcte:0













Spectre de pluie à 13:00
R:11.1mm/h,  Nt: 3355, >:16, <:0kcte:0













Spectre de pluie à 13:05
R:9.87mm/h,  Nt: 3301, >:7, <:0kcte:0













Spectre de pluie à 13:10
R:4.57mm/h,  Nt: 2230, >:1, <:0kcte:0













Spectre de pluie à 13:15
R:0.797mm/h,  Nt: 451, >:0, <:0kcte:0













Spectre de pluie à 13:20
R:0.481mm/h,  Nt: 286, >:0, <:0kcte:0
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Spectre de pluie à 12:55
R:7.37mm/h,  Nt: 2279, >:5, <:0kcte:1













Spectre de pluie à 13:00
R:11.1mm/h,  Nt: 3366, >:5, <:0kcte:1













Spectre de pluie à 13:05
R:9.87mm/h,  Nt: 3307, >:1, <:0kcte:1













Spectre de pluie à 13:10
R:4.57mm/h,  Nt: 2230, >:1, <:0kcte:1













Spectre de pluie à 13:15
R:0.797mm/h,  Nt: 451, >:0, <:0kcte:1













Spectre de pluie à 13:20
R:0.481mm/h,  Nt: 286, >:0, <:0kcte:1
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Spectre de pluie à 12:55
R:7.37mm/h,  Nt: 2283, >:1, <:0kcte:2













Spectre de pluie à 13:0
R:11.1mm/h,  Nt: 3370, >:1, <:0kcte:2













Spectre de pluie à 13:05
R:9.87mm/h,  Nt: 3308, >:0, <:0kcte:2













Spectre de pluie à 13:10
R:4.57mm/h,  Nt: 2231, >:0, <:0kcte:2













Spectre de pluie à 13:15
R:0.797mm/h,  Nt: 451, >:0, <:0kcte:2













Spectre de pluie à 13:20
R:0.481mm/h,  Nt: 286, >:0, <:0kcte:2
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Spectre de pluie à 11:45
R:1.33mm/h,  Nt: 1039, >:0, <:0kcte:0













Spectre de pluie à 11:50
R:6.52mm/h,  Nt: 3298, >:0, <:0kcte:0













Spectre de pluie à 11:55
R:11.8mm/h,  Nt: 4720, >:1, <:0kcte:0













Spectre de pluie à 12:00
R:1.26mm/h,  Nt: 919, >:0, <:0kcte:0













Spectre de pluie à 12:05
R:1.9mm/h,  Nt: 814, >:0, <:0kcte:0













Spectre de pluie à 12:10
R:1.71mm/h,  Nt: 1135, >:0, <:0kcte:0
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Spectre de pluie à 11:45
R:1.33mm/h,  Nt: 1039, >:0, <:0kcte:1













Spectre de pluie à 11:50
R:6.52mm/h,  Nt: 3298, >:0, <:0kcte:1













Spectre de pluie à 11:55
R:11.8mm/h,  Nt: 4721, >:0, <:0kcte:1













Spectre de pluie à 12:00
R:1.26mm/h,  Nt: 919, >:0, <:0kcte:1













Spectre de pluie à 12:05
R:1.9mm/h,  Nt: 814, >:0, <:0kcte:1













Spectre de pluie à 12:10
R:1.71mm/h,  Nt: 1135, >:0, <:0kcte:1
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Spectre de pluie à 11:45
R:1.33mm/h,  Nt: 1039, >:0, <:0kcte:2













Spectre de pluie à 11:50
R:6.52mm/h,  Nt: 3298, >:0, <:0kcte:2













Spectre de pluie à 11:55
R:11.8mm/h,  Nt: 4721, >:0, <:0kcte:2













Spectre de pluie à 12:00
R:1.26mm/h,  Nt: 919, >:0, <:0kcte:2













Spectre de pluie à 12:05
R:1.9mm/h,  Nt: 814, >:0, <:0kcte:2













Spectre de pluie à 12:10
R:1.71mm/h,  Nt: 1135, >:0, <:0kcte:2
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Spectre de pluie du 1999−08−20 à 12:45 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:50 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:55 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:00 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:05 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:10 intégrée sur 298.257 s.
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Spectre de pluie du 1999−08−20 à 15:15 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:20 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:25 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:30 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:35 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:40 intégrée sur 292.894 s.




  '  	  	
 

   

  -   &'
O 	 
	 ,L'( ! 	  

 5  










 /	  &(1  &(1&
8FH

















Spectre de pluie du 1999−08−20 à 11:35 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:40 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:45 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:50 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:55 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 12:00 intégrée sur 298.257 s.
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Spectre de pluie du 1999−08−20 à 15:15 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:20 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:25 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:30 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:35 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:40 intégrée sur 292.894 s.
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Spectre de pluie du 1999−08−20 à 12:45 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:50 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:55 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:00 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:05 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:10 intégrée sur 298.257 s.
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Spectre de pluie du 1999−08−20 à 11:35 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:40 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:45 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:50 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:55 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 12:00 intégrée sur 298.257 s.
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Spectre de pluie du 1999−08−20 à 15:15 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:20 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:25 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:30 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:35 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 15:40 intégrée sur 292.894 s.
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Spectre de pluie du 1999−08−20 à 12:45 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:50 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 12:55 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:00 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:05 intégrée sur 298.257 s.





















Spectre de pluie du 1999−08−20 à 13:10 intégrée sur 298.257 s.
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Spectre de pluie du 1999−08−20 à 11:35 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:40 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:45 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:50 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 11:55 intégrée sur 300 s.





















Spectre de pluie du 1999−08−20 à 12:00 intégrée sur 298.257 s.
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RFI Drops # (Ntot)
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RFI Drops # (Ntot)
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Parsivel <5 min> (mm/h)
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RFI Drops # (Ntot)
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moyenne:0.0243     0.517mm  ;ecart−type:0.224     0.904mm





















Volume:375 et 330mm 
Pully Anetz
Lausanne ISM
















moyenne:19.3      19.3°C;  ecart−type:3.91      3.83°C
















moyenne:64.1      64.3%;  ecart−type:12.9      12.4%

















moyenne:1.8      1.81m/s;   ecart−type:1.09      1.08m/s
Mesures Anetz Pully du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00  (charge:4.84%)

















moyenne:3.78      3.79m/s;   ecart−type:2.25      2.24m/s
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moyenne:0.0349     0.745mm  
ecart−type:0.296      1.16mm


































moyenne:19.4      19.4°C   
ecart−type:4.25      4.24°C



















moyenne:69.9      69.9%   
ecart−type:16.2      16.2%












moyenne:0.535     0.538m/s, moyenne:179       179°      
ecart−type:0.338     0.337m/s, ecart−type:104       104°
Mesures Pluviomètre Hydram du 23−Jun−2000 13:15:06 au 16−Sep−2000 07:00:07  charge:4.68%












moyenne:1.91      1.91m/s   
ecart−type:1. 6      1.05m/s
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Volumes mesurés  du 09−Jun−2000 20:14:58 au 06−Sep−2000 19:44:23
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somme:376mm  max:39.8mm  ’moyenne: 3.581      8.5455mmecart−type: 8.28055      11.0647mm
Pully ISM



















somme:330.4mm  max:43.5mm  ’moyenne: 3.1467      7.8667mmecart−type: 7.78845      10.7626mm
Lausanne ISM
Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
moyenne 24h                                                             
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durée d intégration: 21h du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
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Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
moyenne 24h                                                             



























Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
moyenne 24h                                                             


























Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
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Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
moyenne 24h                                                             
























Comparaison Pluviométrie du 01−Jun−2000 07:00:00 au 16−Sep−2000 07:00:00
moyenne 24h                                                             
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durée d intégration: 15min du 10−Jul−2000 07:00:06 au 11−Jul−2000 16:45:06
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Surface  du domaine de simulation de la PMP Mattmark
Xmin = 591 km,Xmax = 678 km
Ymin = 68, Ymax = 161 km
Mailles 1000x1000 m (88 x 95 = 6600)












Xmin = 592, Xmax = 677 km, Dx = 85 km, 85#
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NUMERICAL MODELLING OF PROBABLE MAXIMUM FLOOD  
FOR THE WATERSHED OF THE KRASNODAR DAM IN RUSSIA 
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The research objective is to develop a numerical tool for the modeling of precipitation over complex 
topography at a regional scale. This paper deals with the presentation of the calculation of the 
Probable Maximum Flood (PMF) for the large Kuban river watershed (about 41 000 km2) in the South 
of Russia. A three dimensional hydrodynamic solver, CFX4, adapted by the LASEN laboratory to 
atmospheric flows is used to calculate wind fields in the stratified atmosphere and the ensuing 
precipitation over complex terrain. This model is time dependent and includes the energy equation 
expressed in term of potential temperature. The equations are solved on a non-staggered grid, with 
variable mesh size, by means of a finite volume approach. The closure of the turbulent equation set is 
provided by a modified k-ε turbulence model in order to take into account thermal stratification of the 
atmosphere.  
The methodology consists in identifying by a meteorological analysis of the considered region what 
are typical meteorological events which would lead to severe precipitation and floods. According to 
LASEN method, precipitation occur under three main modes of generation: orographic, convective and 
opposition of pressure system, for each a dedicated maximization procedure has to be applied. 
Numerical simulations of selected events are carried out by initializing calculation and setting 
boundary condition with theoretical profile of atmospheric variables (geostrophic wind speed, 
geostrophic wind direction, ground temperature, thermal stratification and relative humidity). These 
idealized representations of atmospheric flows allow reproduction of events even with a sparse set of 
data. A chapter concerns sensitive studies which have been performed on atmospheric parameters 
which lead to heavy precipitation for orographic regime. Among selected events, following the 
appropriate maximization methodology, atmospheric critical situations are modeled and routed on the 
watershed. Among them, the PMF is identified and consequently the Probable Maximum Precipitation. 
 
Keywords: Probable Maximum Flood, Probable Maximum Precipitation, atmospheric microphysics, 





The engineering company Stucky Ingénieurs-Conseil S.A. has been contracted to design the spillways 
of the Krasnodar dam in Russia and to check the security conditions for the inhabitants in case of an 
intense precipitation event and a consequent flood. For this purpose, Stucky has contracted LASEN 
for the calculation of the Probable Maximum Flood (PMF) for the Kuban river watershed. The 
atmospheric numerical model developed by the LASEN group calculates wind and precipitation fields 
in the whole domain for a given atmospheric situation and the methodology leads to evaluate the 
highest Probable Maximum Precipitation (PMP) as well as the most unfavourable spatio-temporal 
distribution. To achieve PMF calculation, several extreme precipitation fields have to be modelled. 
These PMP have to be routed in order to determine which precipitation event leads to the PMF. The 
flood modelling is being carried out by the company HydroCosmos. A spatially and temporally 
distributed hydrologic model WolfHydro developed at the University of Liege was applied to the 
calculated precipitation field. The method employed for the estimation of the PMP is based on the 
numerical modelling of air masses and precipitation. The steps of the methodology used for the Kuban 
watershed are: 
• Analysis of meteorological situations and hydrological measurements in the watershed in order to 
identify reference flood events to be numerically modelled; 
• Creation of a numerical representation of topography;  
• Numerical simulation of the selected flood events to determine the hydrological parameters of the 
watershed; 
8UU
• Analysis of the meteorological and geographical conditions of the area in order to determine which 
meteorological situation is likely to generate extreme precipitation; 
• Numerical calculation of extreme precipitation for selected sectors and identification of the most 
critical situation; 
• Sensitivity study of PMP with respect to the CRUEX method (Hertig 1997); 
• PMP is routed across the complete watershed to determine the discharge and the extreme flood; 
• Calculation of the PMP-PMF for the considered watershed. 
 
 
2. THE KUBAN RIVER WATERSHED 
 
The Kuban river watershed is in South Occidental Russia. Krasnodar town is at the output of the basin 
at the geographical coordinates 45°2 N and 39°0 E. Simulation domain (Figure 2-2) covers southwest 
part of Russia which presents a very flat area in the north part of the watershed and a rapid change of 
altitude in the south direction, up to a height of 5’600m in the Caucasus Massif (Figure 2-1). This 








































Figure 2-1: Hypsometric curve (bold, 
legend on right axis) and altitude 
histogram (thin, legend on left axis) of 
the Kuban river watershed; it shows the 
strong altitude variations limited in 
space across the basin. 
Figure 2-2: Surface contours 
for the calculation domain. 
Topographical data from the 
Digital Chart of the World.  
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3. METEOROLOGICAL SURVEY 

A report of Hydrography and Hydrology prepared by Kuban Vod Project (KVP) and several sets of 
measurements of the flow rate of the Kuban River during severe flood events have been transmitted to 
LASEN. From these documents date of severe event have been selected. The meteorological survey 
has consisted in consulting the European Meteorological Bulletin collection available at the LASEN 
and to select and analyse the most representative situations. 
The main characteristics of the climatology of precipitation in the south of Russia are the following: 
Flood events generally occur under meteorological conditions with an opposition of a hot air mass 
coming from the southwest and a cold one coming from the north. On the other hand, wind sectors, 
which are able to bring large amounts of humidity, are from sector 270° to 360°.  
Convective storms are associated with high intensity precipitation and their intensity can be of higher 
magnitude (20% in average) than orographic precipitation, but due to their small spatial extent and 
their short duration (from 20 minutes to 1 hour), their effect is not critical for the size of the Kuban 
watershed (almost 41’000 km2). Thus, only orographic contributions have been taken into account.  
 
 
4. DESCRIPTION OF THE REFERENCE FLOOD EVENT 
 
The heaviest precipitations over the whole of the basin were measured from July 6 to 8, 1987 and the 
Kuban river flow reached a maximum value of 1850 m3/s on July 10, 1987, which represents the 
highest value measured during the 1980s. Precipitation accumulated from July 6 to 8, 1987, ranges 
between 50 and 110 mm according to the five measurement stations (Table 4-1) in the Kuban river 
basin (high for this region). For this period, a cold front coming from the Northwest waved for 2 days 
on the northern slopes of the Caucasus. This situation could become critical for precipitation in this 
region, when rain falls on the same area along the front during these days, the length of such a 
situation becoming the main factor for PMP. Thus, opposition of air masses with a stationary front and 
wind shear need to be reproduced by the meteorological mesoscale model of LASEN for a correct 
simulation of rainfalls in the Kuban river basin during this period. 
 
Date Krasnodar Maïkop Krimsk Goriatchi Arnavir Kuban 
 mm/day mm/day mm/day mm/day Mm/day M3/s 
3.6.1984 0.3 - 0.6 - 0.3 1077 
4.6.1984 3.8 25.2 35.5 5.9 2.3 1039 
5.6.1984 8.5 8.9 2.0 5.3 25.8 966 
7.6.1987 23.9 6.0 2.9 5.3 2.1 1220 
8.6.1987 - 2.9 0.5 0.3 30.1 1008 
9.6.1987 - 25.4 0.1 2.2 7.5 853 
29.6.1987 7.6 103.0 3.8 15.6 3.5 1357 
30.6.1987 1.7 24.3 - 13.8 12.2 1815 
1.7.1987 - - - - - 1705 
6.7.1987 10.9 49.3 23.2 42.0 66.3 916 
7.7.1987 14.4 19.9 19.8 10.8 1.0 907 
8.7.1987 35.8 22.5 6.5 45.6 44.6 908 
9.7.1987 - 1.5 - 0.6 - 1515 
10.7.1987 - - - - - 1851 
11.7.1987 - - - - - 1444 
13.7.1987 - - - - 22.0 1446 
14.7.1987 - 37.7 0.9 - 38.7 1193 
15.7.1987 1.9 - 0.1 - - 1281 
29.7.1987 - - - - - 508 
30.7.1987 5.0 10.4 - 46.8 18.4 472 
31.7.1987 - - - - - 495 
 
For the considered area, a unique vertical sounding is available at Sotchi (Table 6-1). The data used 
to initialise the model (humidity, ground temperature, and vertical gradient, geostrophic wind speed 





and flow measured 
at some locations 
in the Kuban river 




 July 6, 1987 Altitude Temperature Dew Point Wind Wind 
Level (m ASL) (°C) (°C) Direction Velocity (m/s) 
Surface 0 21-26 19-21 E 3 
850 hPa 1440 14 11 S 3 
700 hPa 3060 5 0 S 8 
500 hPa 5710 -14 -15 SW 10 
300 hPa 9390 -42 -44 WSW 15 
200 hPa 12170 -48 -55 WSW 25 
100 hPa 16620 -60 -69 W 10 
July 7, 1987 Altitude Temperature Dew Point Wind Wind 
Level (m ASL) (°C) (°C) Direction Velocity (m/s) 
Surface 0 18-25 14-20 S 3 
850 hPa 1450 14 10 E 3 
700 hPa 3070 4 0 S 3 
500 hPa 5730 -10 -16 SSW 8 
300 hPa 9470 -39 -48 SW 18 
200 hPa 12180 -48 -55 WSW 35 
100 hPa 16670 -58 -65 SW 23 
July 8, 1987 Altitude Temperature Dew Point Wind Wind 
Level (m ASL) (°C) (°C) Direction Velocity (m/s) 
Surface 0 20-21 18-20 ENE 3 
850 hPa 143 13 9 NE 10 
700 hPa 303 3 2 NE 10 
500 hPa 5690 -11 -12 SW 8 
300 hPa 9420 -39 -42 S 22 
200 hPa 12120 -48 -52 WSW 30 
100 hPa 16630 -56 -63 WSW 10 
July 9, 1987 Altitude Temperature Dew Point Wind Wind 
Level (m ASL) (°C) (°C) Direction Velocity (m/s) 
Surface 0 17-25 14-16 SW 3 
850 hPa 1480 11 4 ENE 10 
700 hPa 3060 1 -1 ESE 10 
500 hPa 5720 -14 -22 NE 10 
300 hPa 9370 -42 -47 NNE 8 
200 hPa 12050 -47 -55 W 13 
100 hPa 16560 -55 -66 WSW 10 
 

5. NUMERICAL SIMULATIONS 
 
The numerical simulation of precipitation is carried out in two steps: simulation of the wind field and 
simulation of precipitation with a stationary wind field.  
The parameters used in the simulation of the wind and precipitation fields are geostrophic wind speed, 
geostrophic wind direction, ground temperature, thermal stratification and relative humidity. Depending 
on the wind direction, the calculations for the wind field simulation were initialised with a different 
geostrophic speed and a different vertical temperature gradient. Main features of the wind model are: 
velocity profile of the Planetary Boundary Layer (according to Harris and Deaves, 1981), 
parameterisation of the Eckmann spiral (according to Zilitinkevich et al., 1998), turbulent flow 
depending on thermal stratification, transient flow, with boundary conditions stationary in time.  
The wind fields calculated in the first step have been used as initial conditions for the calculation of 
precipitation. The model solves the Kessler equations for the precipitation variables. The simulation 
conditions are: initial and boundary conditions: relative humidity of 100%, no cloud water (m=0), no 
precipitation (M=0), stationary boundary conditions and three dimensional and transient flow. As it was 
done for the wind fields, here too, the convergence of the solution and of the internal iterations is 
checked at each time step. 
Solutions are obtained for the distribution of cloud water P  and precipitation 0 in three dimensional 
space and for the ground distribution of precipitation intensity in mm/h. 
Routing of the precipitation has been performed using the Wolf software (from the University of Liege). 
The physical processes taken into account are the run-off and the subsurface flow. A base flow, 
derived the measured hydrograph of the 1980 flood, has to be added to the simulated hydrograph. 
The watershed of the Krasnodar dam has been described by a digital elevation model (mesh size 




soundings over Sotchi 
(southern slopes of the 
Caucasus) from July 6 to 
9, 1987, at 0 GMT.. 
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conservative equations of 2-D diffusive wave model with a finite volume method for three specific 
vertically distributed layers. Different roughness law (Manning, Darcy-Weissbach, Bathurst …) are 
implemented to take into account the macroscopic roughness of the hydrological propagation and 
various flow regimes. The model has three bunk layers to simulate respectively the thin runoff, the 
hypodermic propagation and the transfer to the groundwater. The unsteady infiltration law permits the 
reforming of the soil capacity after the rain stopping. Using this routing model, it is possible to 
determine the travel time of the flood until the dam in the whole network. 
 
 
6. NUMERICAL MODELLING OF THE REFERENCE SITUATION 

  Latitude ° N Longitude ° E X [km] Y [km] 
Goriatchi 44’30’’0 39’10’’0 123.208 155.000
Krimsk 45’0’’0 38’39’’0 84.200 208.000
Maïkop 44’30’’0 40’0’’0 186.125 155.000
Arnavir 45’0’’0 41’0’’0 261.625 208.000
Krasnodar 45’2’’0 39’9’’0 121.950 211.533
Sotchi 43’35’’0 39’43’’0 164.733 57.833
Elbrus 43’21’’18 42’26’’21 374.246 38.400
 
To reproduce the convergence of the two air masses, the numerical wind field was generated in two 
steps: first numerical simulation aimed at reproducing the cold air masses coming from the North. This 
run was initialized through an atmospheric vertical profile similar to these ones measured at Sotchi 
from 6th to 8th July 1987 (Table 4-2). The pseudo stationary solution of the first run was used as initial 
condition for a second run that aimed at reproducing the advection of hot wind from Southwest. The 
result of the second simulation is the wind field which corresponds to the meteorological situation to be 
reproduced (figures 6-1 and 6-2). The reproduction of the main characteristic of the frontal 
meteorological situation compare well with the observed situation from the Europe Meteorological 




Table 6-1: Coordinates of the five 
ground based stations in the 
watershed (and Sotchi sounding 
and Elbrus Mountain for 
indication). 
Figure 6-1: Simulated wind 
field at 150 m above ground 
level corresponding to the 6 





The routing of these reference case has been carried out with the following value of the different 
parameters for the hydrologic model: Manning coefficient of the surface: 1 s/m1/3; Darcy coefficient of 
the subsurface layer: 0.007 m/s, depth of the subsurface layer: 1.5 m, initial infiltration capacity: 140 
mm/h, deep infiltration: 0.72 mm/h and porosity of the subsurface layer: 0.3. These values are very 
“standard” in reference to the specialised literature. All the values tested have only changed the peak 
discharge for a maximum of 16%. Unless Manning coefficient is extremely high. But several studies 






























Figure 6-3: Simulated accumulated precipitation field at ground level (a,b,c) for the reference case of 
6,7 and 8.07.1987. Simulated and measured flow rate (d) at Krasnodar from 6-12.07.1987.  
Figure 6-2: Vertical plane of 
wind field corresponding to 





Finally, the daily precipitation field for the 6, 7 and 8 July are respectively given in Figures 6-3 (a,b and 
c) where the plot have been restricted to the watershed. Figure 6-3 (d) shows the measured and 
simulated hydrographs for this reference case. Considering the available data is restricted to daily 
discharge, this result is very encouraging. 


7. SCENARIOS OF MAXIMISATION 

-Precipitation is produced either by non-orographic mechanisms e.g. the passage of a front, 
convergence of air masses, convection which are responsible for precipitation over flat terrain, or 
orographic mechanisms in which the presence of mountains, hills etc. is paramount. Orographic 
precipitation is associated with the passage of air masses over the topography, and their intensity will 
depend on the wind speed. The stronger the advection at high altitude is, the heavier the precipitations 
are. A complete analyse an orographic precipitation have been achieved at the LASEN and main 
conclusion are given in chapter 7.1. 
-According to the performed meteorological survey, convergence of air masses is prevailing in the 
generation of intense showers for this watershed. The simulated wind field and consequently the 
precipitation field results in this case, from the opposition of the advection of hot air coming from south 
west and a pre-existent cold air pool localized at the north of the Caucasus massif. Increasing the 
geostrophic wind speed or stabilizing the vertical thermal stratification would unbalance the dynamics 
of the meteorological situation and would deplete the convergence effect. The maximisation method 
has consisted for this case in considering what could be the worst temporal evolution of this situation, 
without acting on the atmospheric parameters which characterize the frontal situation. 
-Considering the highly mountainous terrain formed by the Caucasus Massif, the winter PMP 
(including the melting of snow) is also to be explored in order to quantify what would be the maximum 





Maximisation of orographic precipitation has been achieved following the LASEN method. It concerns 
parameters used in the simulation of wind and precipitation fields: geostrophic wind speed and 
direction, ground temperature, thermal stratification of the atmosphere and its relative humidity. The 
influence of variation of these parameters has been explored: 
• Increasing geostrophic wind speed leads to higher precipitation into the domain. The physical limit of 
geostrophic wind speed could be estimated from weather station measurements and has been 
found to be associated with a given event duration for the area. (e.g.: a 40 m/s geostrophic wind is 
associated with 6 hours event duration).  
• The geostrophic wind direction is an independent parameter. All directions have to be explored in 
order to take into account the specific topography of the area. 
• Ground temperature is related with the acceptable quantity to humidity in the atmosphere. 
Increasing ground temperature leads to higher precipitation.  
• An increase in atmospheric stability enhances precipitation on the foremost mountains. 
• In the perspective of maximisation it has been assumed that air is saturated throughout the whole of 
the troposphere 
The maximisation method consists in combining these parameters (applied through the boundary 
conditions) in order to maximise the rainfall rate in the watershed. From an analysis of the 12 wind 
field simulations (one chart for each geostrophic wind direction every 30°), it appears that the situation 
with a northern geostrophic wind (sector 0° or 360°) generates a higher precipitation rate in the 
watershed than any other wind direction. The simulated precipitation field for event duration of 6 hours 
is given in Figure 7-1. Here, the maximum catchments-wide averaged rain rate calculated is 39 mm/h. 
According to the meteorological study of the region, the assumed atmospheric situation is able to last 
6 hours giving a maximum daily rain rate of 240 mm in the basin. This compare well with the maximum 
precipitation recorded of 175 mm during 24 hours in the area between 1891 and 1965. 
The full temporal evolution of the precipitation result was routed (8 rain maps of 30 minutes each, 
corresponding to the temporal evolution of the simulation). The precipitation distribution shown in 
Figure 7-1 is then maintained for 6 hours (corresponding to the 40 m/s geostrophic wind speed) and 
finally relative humidity at the boundary conditions of the domain is dropped to 80 % and precipitation 

















































The simulated hydrograms show two peaks which can be explained by the very different transfer times 





The frontal meteorological situation results from the convergence of two different air masses. The 
method consists in maximising the precipitation field by keeping the same boundary conditions as in 
the reference case and by determining the most unfavourable chronology for the depletion of the 
frontal situation.  
The solution consists in adding an extreme event after the sequence of the flood event recorded on 6-
8 July 1987. According to the distribution of the pressure field for this situation, a severe precipitation 
event characterized by a strong and humid advection would occur from the southwest. This situation 
has been simulated by a saturated air mass advected from sector 210 with a 40 m/s geostrophic wind 
of 4 hours duration on the pre existent cold air mass. The time between the rain episode and the 
following extreme event was reduced to the minimum in order to prevent the soil from drying too much 
between the two events. The results of the routing for the frontal probable maximum precipitation and 


























































Figure 7-1: Modelled hydrogram at 
Krasnodar for the orographic 
maximum precipitation. It gives also 
the watershed-averaged rain rate. 

Figure 7-2: Modelled hydrogram at 
Krasnodar for the frontal maximum 
precipitation. 
8GT
7.3 Melting snow 

To determine the winter PMP the case of warm precipitation on a previous snow cover is considered 
with the aim to determine the volume of melting snow which could be generated. To maximise this 
volume, a sequence of two melt periods has been assumed: a sunny snow melt period just follows the 
melting of the snow cover by the rain. The initial snow cover extends vertically from 100 m above sea 
level to the top of the culminating point and the winter PMP situation consists of a relative warm 
humidity field coming from the North. Figure 7-3 shows the simulated hydrograph, the bold line is 
obtained with a frozen ground (lower infiltration coefficient) while the thin line results from the 
calculation on a summer ground. For the same reasons than the orographic PMF, precipitation on 



















































8. COMPARISON OF THE NUMERICAL RESULTS WITH THE CLASSICAL PMP APPROACH 

The WMO recommendation leads to a PMP of 310 mm / 24 h, which is 40 % greater than those 
calculated through numerical modelling. The classical PMP estimation relies only on the properties of 
the atmosphere and in particular on the value of the dew point. It does take into account neither the 
influence of topography nor the origin of the air masses. The calculated PMP is the same for the entire 
region of the same latitude and with a same dew point. It is well known that the Northern region of the 
Caucasus is less exposed to humid air masses than other region at the same latitude. Thus, numerical 
modelling which takes into account the origin of the air masses provides a lower PMP value. 
Since the numerical approach is based on physical models which also take into account the particular 
characteristics of the meteorological and hydrological parameters, the results obtained appear to be 
more representative of the region of interest and thus more physically convincing. This is particularly 






The first part of the study has lead to the description on one hand of the meteorological and 
climatological characteristics and of the other one of the topographical and hydrological properties of 
the Kuban River watershed.  
In the North hemisphere, the humid air masses responsible of heavy precipitation are coming from the 
west to southwest. For the considered area, they arrive on the south slope of the Caucasus Massif. 
Analyses of meteorological maps have shown that orographic precipitations are not predominant in 
the PMP study of the area. Modelling the critical situation has also shown this. Concerning orographic 
precipitation, the most critical event corresponds to an advection from the North, which is not able to 
bring large amount of warm air and humidity. This case is concerned by polar air masses. 
Figure 7-3: Modelled hydrogram at 
Krasnodar for the winter maximum 
precipitation (incl. melting of snow).  

8GH
Climatological analyses of severe events has point out the frontal meteorological situation for which a 
humid air masse coming from south to southwest is up lifted above the Kuban River plain by a pre-
existent cold air mass. With regards to the meteorological simulation, the frontal atmospheric case is 
able to generate the most extreme floods in the basin.  
Maximisation of this frontal extreme event leads to the determination of the Probable Maximum Flood 
for the considered basin (see Figure 8). The winter case has been taken into consideration. The flow 
rate calculated by the models in the case of melting of the snow cover first by a severe rain event and 
followed by a sunny period does not lead to a discharge as important as in the frontal case event by 
considering  frozen ground conditions. 
Considering the large spatial extend of the watershed, convective precipitation on flat terrain has not 
been taken into consideration. Indeed convective events generate very local and short in duration 
precipitation which could not lead to strong flood in this basin. Meteorological convergence situation 
contain dry continental air masses. Thus, they have not been modelled either.  
Analyses of the hydrological behaviour of the basin show that the hydrograms present two peaks 
because the flood is composed of the contribution of two distinct geographical areas. The time 
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INPUT FILES 
CFX  LASEN 
Fichier de commande (*.fc) Fichier de configuration (PARAM.TXT) 
Fichier de géométrie (*.geo) Fichier de rugosité (RUGO.TXT) 










CFX  LASEN 
Fichier de sortie résultat (*out*) Fichiers spécifiques (*.dat) 
Fichier de visualisation (*dmp*) Fichier hydrostatique (hydrostate_wind.dat) 
Fichier de sortie information (*cpr*)  
Fichier Linegraph (*.PTS)  

MODULE DE CALCUL 
CFX4 
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Né le 10 juin 1970 à Toulouse (F),  un enfant né le 25 janvier 1995 
 
 : Av Beaulieu 12, CH-1004 Lausanne,   : pascal.goulpie@epfl.ch 
Priv: +41.21.646.61.76, Prof : +41.21.693.23.06 
 





Préparation de la Thèse de Doctorat à l’EPFL (défense début 2004) 
Diplôme Postgrade  en Energie à l'École Polytechnique Fédérale de Lausanne (CH). 
1993-1994 
 
Diplôme Postgrade en Dynamique des Mélanges Fluides à l'EPFL et Diplôme d'Études 
Approfondies (DEA) à l'École Centrale de Lyon (F).  
1990-1993     
1988-1990 

Licence et Maîtrise de Mécanique à l'Université de Poitiers. 
Diplôme d'Étude Universitaire Général (DEUG) de Sciences de la Matière à l'Université Paul Sabatier 
de Toulouse. 













Assistant scientifique au Laboratoire des Systèmes Énergétiques (LASEN) de l’École 
Polytechnique Fédérale de Lausanne. 
Thématique : Précipitations extrêmes et charges dues au vent, sécurité de projets (barrages 
suisses, russe et turc, Expo02, incendie du Gothard, Pont de la Mentue, tunnels d’AlpTransit, 
potentiel éolien, stade de la Praille, …). 
Recherche en modélisation numérique : aspect microphysique et précipitations. Projet CRUEX 
financé par l’Office Fédéral d’Économie des Eaux (7M CHF sur 10 ans).  
Études en souffleries et automatisation du système de mesures et de contrôle.  
Mesures sur le terrain : Développement d’un pluviomètre acoustique Collaboration avec 
l’entreprise IAV du Parc Scientifique de l’EPFL.  




Sept 94  
Etude et conception de la dynamique de l’écoulement du sablier géant de Genève pour les 
festivités de l’an 2000 (Budget 500 kFrS).Visible au PalExpo de Genève. 
Stage de recherche à l'Institut de Mécanique des fluides et d'hydraulique (IMHEF) de l'École 
polytechnique fédérale de Lausanne sous la responsabilité de Pr. Bottaro 

Informatique 
1. Maîtrise des systèmes d’exploitation : UNIX, Windows (NT, XP,…), Vax et Linux  
2. Utilisation intensive des logiciels : CFX, FieldView, Suite Adobe (Illustrator, Photoshop, Reader, Writer), 
Suite Office, FrontPage, Surfer,… 
3. Programmation avancée en langages : Fortran, Labview, LateX, Matlab , Splus,… 
4. Installation d’hardware : montage complet de PC d’acquisition de données 
 
Expérience associative 
• Membre du comité de l’association Tir Groupé de 95 à 99 (promotion de l’expression culturelle sous toutes 
ses formes). Organisation d’évènements, gestion des locaux (500 m2). Budget annuel moyen 150 kCHF. 
• Membre actif d’Ingénieur Sans Frontières (ISF) de 91 à 94. Participation active à un projet de forage et 
d’adduction d’eau pour 5 villages au nord du Sénégal (budget 100 kCHF). 
 
Langues 
Anglais:  Courant. Diplôme Universitaire de Langue Anglaise Scientifique obtenu à Toulouse en 1989. 
Allemand: Bonnes notions. Pratiqué quotidiennement à Berne de 1992-1995. 
 
Rapports et publications  Liste de 2 pages disponible sur demande contenant : 
[1] Görtler vortices in accelerated/decelerated boundary layers: Linear theory. P. Goulpié, B.G.B. Klingmann, 
Alessandro Bottaro, Physics of Fluids 8, pp. 451-459, (1996). 
[2] Extreme precipitation over complex topography with a modified Navier Stokes solver. P.GOULPIE, J.-A. 
HERTIG ‘River flood defence’ Kassel Report of Hydraulic Engineering No. 9/2000 pp C79-C88 (2000). 
[3] Numerical Modelling of Probable Maximum Flood for The Watershed of The Krasnodar Dam In Russia. P. 
Goulpié; J.-A. Hertig CHR Report II-17 International conference on flood estimation pp 101-111, (2002).¨ 
 
Centres d’intérêt 
Brevet de pilote privé avion (plus de 100 heures de vol) // Percussions latines et africaines // Badminton, ski et voile. 
IIX
IIU
